Introduction {#S0001}
============

Antibiotic resistance is one of the major concerns in healthcare around the world because of widespread and uncontrolled usage of antibiotics. Considering high risk of antibiotic resistance on a global scale, it is estimated that antibiotic resistant bacteria could be a leading cause of death by 2050,[@CIT0001] unless new antimicrobial classes with novel targets and mode of actions are introduced.[@CIT0002] So many researchers have focused their search studies on developing new antibacterial agents.

*Staphylococcus aureus* is a widespread human commensal, which is currently the most common cause of healthcare-associated infections. It can cause development of different infections ranging from localized abscess to invasive infections, like skin and soft tissue infections, bacteremia, endocarditis, and osteomyelitis.[@CIT0003],[@CIT0004] Lysotaphin is one of the most recent antimicrobial agents against *S. aureus* due to its unique specificity, high stability, and low toxicity. Lysostaphin is a metallo-endopeptidase produced by *Staphylococcus simulans*. This enzyme possesses a specific antibacterial activity against staphylococcal species.[@CIT0004] However, single-agent treatments are not often clinically successful. So, investigations regarding administration of bactericidal agents in combination with lysostaphin are practically worthwhile. Combination of lysostaphin and antimicrobial peptides (AMP) could reduce bacterial resistance, because of the unique disruption of bacterial cell membrane and rarely reported resistance of AMPs. Moreover, some lysostaphin/AMP combinations have a synergistic antibacterial effect that is of clinical importance because the effective doses of each compound can be reduced.[@CIT0005],[@CIT0006]

Among various AMPs, LL-37 as a 37-residue, cationic amphipathic α-helical peptide is an endogenous host defense peptide and plays an important role in protecting against a wide range of Gram-positive and Gram-negative bacteria. This peptide also has antifungal, antiviral, and endotoxin-binding properties and is a promoter of wound healing by affecting cell proliferation and cell differentiation.[@CIT0007] Therefore, there is great interest in using LL-37 as a potential agent for the treatment of chronic wound infections.[@CIT0008] Moreover, this peptide is significantly resistant to proteolytic degradation in solution and when bound to negatively charged membranes (mimicking bacterial membranes) which influences the life span of the peptide and its efficacy. A study conducted by Oren et al[@CIT0009] about the structure and organization of human antimicrobial peptide LL-37 showed that LL-37 at below MIC (minimum inhibitory concentration) causes morphological changes to cell membranes and, when MIC is reached, full lysis of the bacterial cell membranes occurs.

Some studies have shown synergism between LL-37 and other antimicrobials like human β-defensin-3, lysozyme, colistin, and imipenem against *S. aureus*.[@CIT0010],[@CIT0011] So, a combination of recombinant lysostaphin and LL-37 could be a potential therapy for treatment of *S. aureus* infections. However, the use of this combination in its free form could potentially result in loss of activity due to degradation or inactivation over time as well as probable emergence of resistant strains. Nanotechnology may be used to overcome these limitations.[@CIT0012]

Nanotechnology is one of the best approaches used for protecting and enhancing the stability of protein or peptide drugs for a long period of time. Encapsulation of these compounds into nanovesicles may have the following benefits: (1) a tool for targeting bacteria, (2) decreasing bacterial resistance, (3) protecting antibacterial agents from inhibitors or other unfavorable conditions, and (4) acting as a long-term preservative in pharmaceutical industries.[@CIT0013] Liposomes and niosomes are widely used as nanovesicular structures in drug delivery systems. These structures are considered as a promising strategy for delivery of drugs in a controlled manner. Liposomes have been targeted to a wide range of bacteria for treatment of infectious diseases.[@CIT0014],[@CIT0015] Nevertheless, several significant drawbacks have been recognized for the use of liposomes as a shell carrier including high cost and high susceptibility to oxidative degradation.[@CIT0016] In contrast, niosomes are self-assembled non-ionic surfactants, which could form unilaminar or multilaminar vesicular structures in aquatic solutions.[@CIT0017] Taking into account higher stability and cost-benefit advantages of niosomes over liposomes, these nanovesicular structures are usually considered as preferred controlled delivery systems for cosmetic, food, and pharmaceutical purposes. Many peptides and proteins have been successfully encapsulated into niosomes for different applications including insulin, lysozyme,[@CIT0018] BSA,[@CIT0019] bacitracin,[@CIT0020] and Tat-GFP fusion protein.[@CIT0021]

In the present study, synergistic activity of lysostaphin and synthetic LL-37 was studied against *S. aureus* using a checkerboard assay. Moreover, new niosomal formulations were designed and prepared for co-administration of lysostaphin and LL-37. Entrapment efficacy (EE), size distribution, and zeta potential were measured for niosomal formulations. Finally, kinetic release and antibacterial activity of the best formulation were investigated against *S. aureus*.

Materials And Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Cholesterol was purchased from ACRONIS Company, USA. Sorbian monostearate (span 60), Polysorbate (Tween 60), dicetylphosphate (DCP), and Trifluoroacetic acid (TFA) were purchased from Sigma Aldrich Company, UK. All other reagents were of analytical grade.

LL-37 was purchased from Bio Basic Company, Canada. LL-37 stock solution was freshly prepared by dissolving it in deionized water to a final concentration of 10 mg/mL.

Expression Of Lysostaphin {#S0002-S2002}
-------------------------

Lysostaphin was expressed *in Escherichia coli* BL21 (DE3) according to a previous study. Briefly, *E. coli* BL21 (DE3) was transformed with pET32a plasmid encoding lysostaphin sequence by calcium chloride method.[@CIT0022] Transformed cells were cultured in LB broth supplemented with 100 µg/mL of ampicillin. Protein expression was induced by adding 0.5 mM isopropyl thio-β-D-galactosidase (IPTG) (Sigma Company). Expressed protein was purified by Ni-NTA affinity chromatography (Qiagen, USA). Protein concentration was determined by Bradford assay in all steps.[@CIT0023] The whole cell extract and soluble fraction were analyzed on a 12% SDS-PAGE gel and were stained with Coomassie brilliant blue. Purified lysostaphin was transferred to nitrocellulose membrane using a Bio-Rad transfer apparatus. Then, membrane was blocked with 5% (w/v) milk in 100 mM PBS (phosphate-buffered saline) containing 0.1% Tween-20 and was washed twice with PBS-Tween 20. The membrane was incubated with anti His-HRP conjugated antibody (1:2,000 dilution in 100 mM PBS) overnight at 4°C. After washing, the specific protein band was visualized with diaminobenzidine (DAB) and H~2~O~2~.[@CIT0024]

RP-HPLC Method For Identification Of Lysostaphin And LL-37 {#S0002-S2003}
----------------------------------------------------------

To evaluate the purity of lysostaphin and LL-37, both solutions (1 mg/mL) were filter-sterilized through 0.22 μm filters. For this procedure, mobile phases A (0.1% v/v trifluoroacetic acid in water) and B (0.1% v/v trifluoroacetic acid in acetonitrile) were required. Then, filtered samples (20 µL) were injected onto C18 reverse phase HPLC column (TOSOH bioscience, 4.6×150 mm). The samples were eluted through column using a gradient program according to the manufacturer's instruction, as follows: A/B from 65:35 to 40:60 within 25 minutes and from 40:60 to 10:90 within 1 minute, followed by maintaining at 10:90 for 4 minutes and re-equilibration of the column at 65:35 with a flow rate of 1 ml/min at 280 nm. The column temperature was set at 30°C and the total run was 50 minutes for each injected sample.

Synergistic Activity Of Lysostaphin And LL-37 By Checkerboard {#S0002-S2004}
-------------------------------------------------------------

Minimum inhibitory concentration (MIC) of lysostaphin and LL-37 alone and in combination against *S. aureus* (ATCC 6538) was evaluated by checkerboard method.[@CIT0025] Tested concentrations of LL-37 and lysostaphin used were equal to 250, 125, 62.5, 31.25, 15.62, 7.81, 3.9 μg/mL; and 125, 62.5, 31.25, 15.62, 7.81, 3.9, 1.96 μg/mL, respectively. The first drug (LL37) was diluted vertically while the second drug (lysostaphin) was diluted horizontally. Each well was inoculated with 10^5^ CFU/mL of bacterial inoculum. The plate was incubated at 37°C for 24 hours.

Interaction between lysostaphin and LL-37 was determined by fractional inhibitory concentrations (FIC). FIC was obtained using the following equations: $$\documentclass[12pt]{minimal}
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Then, FIC index (ƩFIC) was determined where; Σ FIC=FIC(a)+FIC(b).

The obtained value is interpreted as ƩFIC≤0.5 as synergistic, ƩFIC\>0.5--1.0 as additive, ƩFIC\>1.0 but \<4.0 as indifferent, and ƩFIC≥4.0 as antagonistic.[@CIT0025]

Preparation Of Lysostaphin/LL-37 Encapsulated Niosomes {#S0002-S2005}
------------------------------------------------------

Niosomal formulations were prepared by thin film hydration method[@CIT0026] using different ratios of surfactants (span 60 and tween 60; 2:1 w/w), cholesterol, and DCP, as indicated in [Table 1](#T0001){ref-type="table"}. Briefly, the surfactants, cholesterol, and DCP were dissolved in chloroform. The solvent was removed by a rotary evaporator (Heidolph Instruments, Germany) at 60°C, 160 rpm until formation of a thin lipid film. Lysostaphin or LL-37 solutions (0.5 mg/mL) were used to dissolve this film in a water bath at 40°C, 60 rpm. The solutions were sonicated for size reduction using an ultrasonic probe homogenizer (Bandelin Sonopuls HD 4200, Germany) at 25% amplitude, for 30 seconds.Table 1Compositions Of Different Niosomal FormulationsNiosomal FormulationsSurfactants:Cholesterol:DCP (% Weight Ratio)Span 60 (mg)Tween 60 (mg)Cholesterol (mg)DCP (mg)Lysostaphin (mg)LL-37 (mg)F127:67:60.180.090.670.0610F247:47:60.320.160.470.0610F367:27:60.470.220.270.0610F427:67:60.180.090.670.0601F547:47:60.320.160.470.0601F667:27:60.470.220.270.0601[^1]

Physical Characteristics Of Encapsulated Niosomes {#S0002-S2006}
-------------------------------------------------

### Surface Morphology {#S0002-S2006-S3001}

Surface morphology of bilayer vesicles was investigated by scanning electron microscopy (NOVA NANOSEM 450 FEI model). A drop of niosomes was air dried on glass slides and was coated with 10 nm of gold for 3 minutes under argon at a pressure of 0.2 atm. After preparation, shape, and size of particles were studied using SEM at an accelerating voltage of 15 kV.

### Zeta Potential And Size Distribution {#S0002-S2006-S3002}

Size distribution and zeta potential of niosomes, with and without lysostaphin or LL-37, were determined using Zetasizer Nano ZS (Malvern Instruments, UK) in aqueous medium at room temperature. Each sample was measured in three individual runs.

Entrapment Efficiency Measurements {#S0002-S2007}
----------------------------------

Entrapped lysostaphin or LL-37 in niosomes was separated from free ones by ultracentrifugation (Eppendorf^®^ 580R centrifuge, Germany) at 14,000 rpm for 30 minutes. The supernatant was analyzed for quantification of free lysostaphin or LL-37 using Bradford assay.[@CIT0023] The following equation was used to determine entrapment efficiency of lysostaphin or LL-37 in niosomes.$$\documentclass[12pt]{minimal}
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Fourier Transform Infrared Spectroscopy (FTIR) {#S0002-S2008}
----------------------------------------------

The interaction between lysostaphin and LL-37 with niosomal membrane was evaluated by FTIR spectroscopy. The spectra were recorded using the PerkinElmer FTIR spectrophotometer spectrum Two (USA), equipped with ATR accessory. The samples were poured on FTIR plate and the spectra were recorded between 4,000 to 400 cm^−1^ with 16 scans and spectral resolution of 4 cm^−1^. Then, the spectra were compared to determine changes and interactions.

In Vitro Drug Release Profile {#S0002-S2009}
-----------------------------

Release profiles of lysostaphin and LL-37 were determined in simulated wound fluid (SWF) containing 0.142 M sodium chloride and 0.0025 M calcium chloride in deionized water adjusted to pH 7.2[@CIT0027] using dialysis membrane[@CIT0028] (MWCO 100 kDa, biotech CE tubing US/Canada); 1 mL of lysostaphin (418.4 µg/mL) and 1 mL of LL-37 (461.7 µg/mL) in encapsulated and free forms were dialysed against 50 mL of SWF solution for 72 hours at 37°C. At specific time intervals (0, 1, 2, 4, 8, 24, 48, and 72 hours), 2 mL of SWF was collected and was replaced with same volume of SWF. Concentrations of released lysostaphin and LL-37 were determined by Bradford assay.

In Vitro Antibacterial Activity {#S0002-S2010}
-------------------------------

### Minimum Inhibitory Concentration (MIC) {#S0002-S2010-S3001}

MIC values of drug loaded niosomes and free drugs were determined by Clinical Laboratory Standard Institute (CLSI) broth microdilution method with slight modification.[@CIT0029] Briefly, 50 µL of Mueller Hinton Broth (MHB) was added into each well of a sterile 96 well flat-bottom plate. Treatment groups included lysostaphin, LL-37, and lysostaphin/LL-37 in encapsulated and free forms and empty niosomes; 5 µL of *S. aureus* bacteria (10^7^ colony forming units (CFU)/mL) was added to each well of the plate. Positive (containing MHB and bacterial suspension) and negative (containing MHB and free or encapsulated drugs without bacterial suspension) controls were also prepared. The plates were incubated at 37°C for 18 hours without shaking.

### Time-Kill Assay {#S0002-S2010-S3002}

Antibacterial activity of lysostaphin/LL-37 encapsulated niosomes was determined against *S. aureus* within 72 hours using 96 well plate technique. The stock solution of either free lysostaphin or LL-37 was diluted up to a concentration of 100 µg/mL. Similarly encapsulated lysostaphin and LL-37 was diluted up to concentrations of 105 and 115 µg/mL, respectively. Microtiter plates were loaded with approximately 100 µL of test samples including: (i) free LL-37, (ii) encapsulated LL-37, (iii) free lysostaphin, (iv) encapsulated lysostaphin, (v) free lysostaphin/LL-37, (vi) encapsulated lysostaphin/LL-37, and (vii) blank niosomes. Then, 100 µL of bacterial suspension diluted to final concentration of 10^5^ CFU/mL was added to each well. Then 96 well plate was incubated at 37°C, and optical density (OD) at 600 nm was measured at specific time intervals (0, 2, 4, 6, 24, 48, and 72 hours) using a microplate reader (EPOCH, Japan). Growth curve of *S. aureus* was taken as positive control.

Cytotoxicity Determination Of Lysostaphin/LL-37 Encapsulated Niosomes {#S0002-S2011}
---------------------------------------------------------------------

(3-(4, 5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) assay was used to determine in vitro cell viability. Mouse fibroblast L929 cells were purchased from Pasteur Institute of Iran and were cultured in RPMI 1640 containing 10% FBS at 37°C in a humidified atmosphere of 5% CO~2~. The cells were seeded onto 96 well plates at a concentration of 10^4^ and were incubated for 24 hours. Free and encapsulated drugs were diluted in the culture medium. Then, the cells were exposed to increasing concentrations of lysostaphin, LL-37, and lysostaphin/LL-37 in encapsulated and free forms in triplicate for 24 hours. Blank noisome treated cells were used to assess overall viability. After incubation, 100 µL of 0.5 mg/mL of MTT solution was added into each well, and the plates were incubated for 4 hours. Then, the culture medium was removed and was replaced with 100 µL of isopropanol. Finally, absorbance of each well was measured using a microplate reader (BioTek ELx808, USA) at 570 nm. Cell viability is expressed as a percentage relative to untreated control, which was 100% viable.

Statistical Analysis {#S0002-S2012}
--------------------

GraphPad prism software 5 was used to analyze the data. Significant differences (*P*≤0.05) between studied groups were determined using one-way and two-way Analysis of Variance (ANOVA). Date were presented as mean±Standard Deviation (SD).

Results And Discussion {#S0003}
======================

Expression And Purification Of Lysostaphin {#S0003-S2001}
------------------------------------------

*E. coli* BL21 (DE3) lysates containing lysostaphin were prepared under native conditions. Lysostaphin was designed to have N-terminal histidine hexa peptide (6X-His) in order to be purified using a Ni-NTA agarose column. The presence of lysostaphin was analyzed by SDS-PAGE and Western Blotting ([Figure 1](#F0001){ref-type="fig"}).Figure 1(**A**) SDS PAGE (12%) gel showing expression and purification of lysostaphin. Lane 1: molecular weight marker, Lane 2: uninduced cell extract, Lane 3: molecular weight marker, Lane 4: proteins from pellet after separation of readily soluble protein fraction, Lane 5: readily soluble protein extract (cytoplasmic cell proteins), Lane 6: flow through Ni-NTA agarose resin affinity chromatography, Lanes 7 and 8: Non-tagged proteins washed from affinity chromatography by 20 mM imidazole, Lanes 9--11: lysostaphin eluted by 250 mM imidazole. (**B**) Western Blotting analysis using anti-His-HRP conjugated antibody. Lane 1: molecular weight marker, Lane 2: lysostaphin.

Identification Of Lysostaphin And LL-37 By RP-HPLC {#S0003-S2002}
--------------------------------------------------

Lysostaphin and LL-37 at a final concentration of 1 mg/mL were separately injected onto C18 RP-HPLC ([Figure 2](#F0002){ref-type="fig"}). In our study, lysostaphin and LL-37 were directly and easily detected at retention times of 14.83 and 11.26 minutes, respectively. HPLC analysis of lysostaphin and LL-37 indicated that they are pure.Figure 2RP-HPLC chromatograms for identification of (**A**) lysostaphin and (**B**) LL-37. Lysostaphin and LL-37 showed a retention time of 14.83 and 11.26 minutes, respectively.

Synergistic Activity Testing Of Lysostaphin And LL-37 {#S0003-S2003}
-----------------------------------------------------

Combination therapies dramatically reduce the chance of resistant species being selected provided that two different mechanisms of action are used for the drugs.[@CIT0030] Previous studies have shown that lysostaphin with specific antimicrobial peptides has a synergistic effect against *S. aureus*,[@CIT0005],[@CIT0006] due to the fact that lysostaphin renders *S. aureus* more susceptible to a wide range of antimicrobial peptides. Moreover, the synergistic effect of LL-37 with conventional antibiotics was elucidated in previous studies. A study conducted by Geitani et al[@CIT0010] revealed that LL-37 significantly decreases MICs of imipenem (a β-lactam antibiotic) and colistin (cyclic polypeptides) against *Pseudomonas aeruginosa* isolates. Similar results were observed with human β-defensin-3 peptide and LL-37 against *S. aureus*.[@CIT0011] Therefore, a new field of research in the fight against drug-resistant staphylococci is emerging. However, any synergistic effects observed in vitro should be evaluated in vivo to confirm that the desired interaction is repeated in animal infection models, because this is not necessarily generalized.[@CIT0031]

Checkerboard assay was performed to confirm the synergistic activity of lysostaphin and LL-37. In this study, LL-37 alone was not able to achieve desirable bacterial inhibition, as indicated by a high MIC value (250 µg/mL). But, in the presence of lysostaphin, the antibacterial effect of LL-37 increased and led to a significant inhibition of *S. aureus* growth. As previously described, when ƩFIC is less than 0.5, a synergistic effect is observed between two antimicrobial drugs. The calculated fractional inhibitory concentration index (ƩFIC) for *S. aureus* ATCC6538 using lysostaphin and LL-37 is 0.25, which indicates a synergistic effect between lysostaphin and LL-37 in inhibition of bacterial growth. Thus, it can be speculated that synergistic bactericidal activity of lysostaphin/LL-37 combination could result from the ability of cell wall degradation by lysostaphin and greater accessibility of LL-37 to the cell membrane[@CIT0031],[@CIT0032] ([Figure 3](#F0003){ref-type="fig"}). Nevertheless, the actual mechanism of synergy between lysostaphin and LL-37 is not yet clearly known.Figure 3Mechanisms involved in antibacterial synergistic effect of lysostaphin on peptidoglycan and LL-37 on cytoplasmic membrane of *S. aureus*. LL-37 (PDB ID: 2K6O) and lysostaphin (PDB ID: 4LXC) 3-D structures were retrieved from Protein Data Bank (PDB).

Preparation Of Lysostaphin/LL-37 Encapsulated Into Niosomes {#S0003-S2004}
-----------------------------------------------------------

Niosomal dispersions consisting of lipid phase were prepared using different weight ratios of surfactants, cholesterol, and DCP ([Table 1](#T0001){ref-type="table"}). Results showed that all the formulations obtained from the mixture of surfactants (span 60, tween 60) and cholesterol formed vesicles with different sizes. It was shown that a combination of span and tween would lead to production of niosomes with highly stable membranes.[@CIT0033] Moreover, entrapment efficiency for prepared niosomes using a combination of span 60 and tween 60 is higher than those prepared using merely span 60 or tween 60. Junyaprasert et al[@CIT0034] concluded that niosomes prepared with a ratio of 2:1 span 60 and tween 60 (S~2~ T~1~) were a suitable formulation which may have resulted from the higher rigidity of their vesicle membrane. This formulation had the highest entrapment efficiency and stability after storage for 4 months at different temperatures compared to other formulations with different ratios of span 60 and tween 60. So, in our study niosomes obtained from the mixture of span 60 and tween 60 at a ratio of 2:1 w/w were used for further investigation.

Characteristic Of Niosomes Encapsulated With Lysostaphin/LL-37 {#S0003-S2005}
--------------------------------------------------------------

### Morphology, Vesicular Size, And Zeta Potential Of Prepared Niosomes {#S0003-S2005-S3001}

Niosomes showed relatively smooth and spherical structures having homogenous dispersion with an approximate length of 20 nm based on field emission SEM images, as shown in [Figure 4](#F0004){ref-type="fig"}. The size of niosomes obtained by SEM was much smaller than that obtained by Nano Zetasizer. This was because Zetasizer Nano ZS system measures size (hydrodynamic diameter), dispersion, molecular weight, and zeta potential of the nanoparticles, while SEM measures exact diameter of each particle.Figure 4Field emission SEM image of niosomal formulation containing surfactants (span 60, tween 60):cholesterol:DCP at 47:47:6% weight ratio. Niosomes had relatively smooth and unique spherical structures.

Particle size, zeta potential, and the percentage of lysostaphin and LL-37 encapsulated into niosomes are presented in [Table 2](#T0002){ref-type="table"}. Obtaining a particle size of less than 500 nm has been the goal of many studies, because particles more than 500 nm in size progressively tend to be precipitated during a few days. As shown in [Table 2](#T0002){ref-type="table"}, F1--F3 niosomal formulations are similar to F4--F6, respectively, except that F1--F3 were loaded with lysostaphin and F4--F6 were loaded with LL-37. According to the table, decreasing the amount of cholesterol from 67 to 27% significantly reduces the particle size (*P*\<0.05), except for the F3 formulation in lysostaphin encapsulated niosomes. However, no significant difference (*P*\<0.05) was observed between F2 and F3 formulations of this group. This result is in accordance with previous studies showing that an increment in the cholesterol amount led to an increase in the size of vesicle.[@CIT0035],[@CIT0036]Table 2The Particle Size, Zeta Potential, And Entrapment Efficiency Of Blank And Encapsulated NiosomesFormulationsLysostaphin Encapsulated NiosomesLL-37 Encapsulated NiosomesBlank NiosomesSize (nm)Zeta Potential (mV)EE (%)Size (nm)Zeta Potential (mV)EE (%)Size (nm)Zeta Potential (mV)F1887.30±150.33−10.37±2.7277.12±11.02615.50±86.97−16.70±1.13F2565.20±6.93−7.28±1.1483.68±3.00235.50±19.80−10.53±1.36F3775±98.83−5.33±0.0379.17±8.15215.60±0.99−8.05±0.63F4---------755.85±76.58−5.93±1.1663.48±2.83------F5---------325.15±45.61−6.15±0.7292.34±0.04------F6---------250.05±28.35−3.99±0.5670.62±3.23------[^2][^3]

In this study, the zeta potential of blank niosomes containing DCP was negative, ranging from −8.05 to −16.70 mV, indicating an electrostatic repulsion between the particles led to good stability of the formulations. It was due to the fact that DCP as a charge inducer renders negative charge to vesicular structure and increases stability by preventing aggregation of anionic niosomes.[@CIT0037] When lysostaphin or LL-37 was added to the system, zeta potential changed. As shown in [Table 2](#T0002){ref-type="table"}, zeta potentials of encapsulated lysostaphin or LL-37 significantly (*P*\<0.05) increased in all three formulations, meaning that an amount of lysostaphin or LL-37 is adsorbed on surface of the particles. Investigations have reported that zeta potential of anionic nanoparticles loaded with positively charged peptides increases compared to blank ones. For example, Manosroi et al[@CIT0020] showed that the zeta potential of blank anionic niosomes containing tween 61: cholesterol: DCP was −41.3±1.69 mV while anionic niosomes entrapped with positively charged bacitracin had a zeta potential of +22.68±1.31 mV. Zeta potential of bacitracin loaded nanoparticles increased about 63 mV by encapsulation of bacitracin. This might be due to cationic nature of bacitracin.

### Entrapment efficiency {#S0003-S2005-S3002}

Entrapment efficiency of lysostaphin and LL-37 in niosomes with different cholesterol amounts are presented in [Table 2](#T0002){ref-type="table"}. Results of analysis showed that (*P*\<0.05), F5 formulation with 47% cholesterol showed the highest percentage, at 92.34±0.04 for LL-37 encapsulated form. So, this formulation was chosen for further evaluation. However, no significant difference (*P*\<0.05) was observed among three formulations in lysostaphin encapsulated niosomes. Yet, as seen in [Table 2](#T0002){ref-type="table"}, the F2 formulation has a smaller size of about 500 nm than the other two formulations. Therefore, this formulation was used as the optimal formulation for further investigation. Obviously, by increasing the cholesterol percentage up to 47%, the amount of entrapment raised. However, entrapment efficiency declined by further increasing the cholesterol amount. Similar results have been reported by other studies.[@CIT0019],[@CIT0038] This indicates that a level of cholesterol beyond a certain level causes disruption of bilayer structure, resulting in loss of drug entrapment.[@CIT0039] So, by choosing an optimum ratio of surfactant to cholesterol, more loaded drugs in niosomal vesicles are obtained.

According to the theory proposed by Colas et al,[@CIT0013] positively charged antimicrobial peptide nisin tends to be more entrapped in anionic nanoliposomes. So, it may be concluded that the high EE of lysostaphin and LL-37 observed in our study was due to the interaction between positively charged lysostaphin and LL-37 with negatively charged anionic niosomes. However, if the nanostructure is neutral and protein drug is positively/negatively charged, less EE will be expected. As an example, insulin (negatively charged protein) has been encapsulated into neutral niosomal vesicles containing span 60 and cholesterol by about 40%.[@CIT0040] However, the entrapment efficiency of insulin into positively charged liposomes was higher than that of neutral liposomes.[@CIT0041]

Fourier Transform Infrared Spectroscopy (FTIR) {#S0003-S2006}
----------------------------------------------

FTIR spectra of both unloaded and loaded niosomes were performed in order to study the possible interaction of lysostaphin and LL37 with the lipid membrane ([Figure 5](#F0005){ref-type="fig"}). In our study, the intensity at about 1642 cm^−1^, resulting from c=c and c=o stretching vibrations of lysostaphin and LL-37, was increased in encapsulated niosomes in comparison with blank niosomes. However, no significant changes in peaks were observed after encapsulating lysostaphin and LL-37, as no bonds between lysostaphin or LL-37 and niosomes were formed.Figure 5FTIR spectra of (**A**) blank niosomes and (**B**) niosomes containing 1:1 volume ratio of encapsulated lysostaphin and encapsulated LL-37.

Measuring Release Of Lysostaphin And LL-37 From Niosomal Nanoparticles {#S0003-S2007}
----------------------------------------------------------------------

The rate of drug release from drug delivery systems is critical and should be studied in order to achieve an optimal system with desirable release characteristics. Release of lysostaphin and LL-37 from niosomes occurred in a sustained manner during the study. Encapsulated LL-37 or encapsulated lysostaphin (niosomes containing 461.7 µg/mL of LL-37 or 418.4 µg/mL of lysostaphin) were released around 84.3±2.53 and 56.51±3.50% in the first 24 hours, respectively ([Figure 6](#F0006){ref-type="fig"}). However, release of lysostaphin/LL-37 from niosomal formulation (niosomes containing 1:1 volume ratio of encapsulated lysostaphin and encapsulated LL-37) occurred at approximately 63.5±0.77% for 24 hours and was followed by a slow and sustained release over the entire release period of 72 hours. On the contrary, almost all contents of free lysostaphin/LL-37 were quickly released from the dialysis bag after a short time, as depicted in [Figure 7A](#F0007){ref-type="fig"}. This kind of release profile has also been observed for BSA release from niosomal formulations.[@CIT0019]Figure 6In vitro release profile of (**A**) lysostaphin and (**B**) LL-37 from niosomal formulation containing surfactants (span 60, tween 60):cholesterol:DCP at 47:47:6% weight ratio in 50 mL of SWF (pH 7.2) at 37°C for 72 hours.Figure 7Overall release of lysostaphin/LL-37 from niosomal formulation in SWF releasing medium. (**A**) In vitro release profile of lysostaphin and LL-37 from niosomal formulation containing surfactants (span 60, tween 60):cholesterol:DCP at 47:47:6% weight ratio in 50 mL of SWF (pH 7.2) at 37°C for 72 hours. (**B**) gradient SDS PAGE (12--20%) gel showing release profile of lysostaphin and LL-37 into SWF releasing medium after 24 hours. Lane 1: molecular weight marker, Lane 2: BSA (Sigma Aldrich, USA), Lane 3: lysostaphin (Sigma Aldrich, USA), Lane 4: Lysozyme (Sigma Aldrich, USA), Lane 5: LL-37 (Bio Basic Inc, Canada), Lane 6: free lysostaphin/LL-37, Lane 7: lysostaphin/LL-37 released after 24 hours. SWF releasing medium was concentrated 50 times prior to loading.

This study supports conclusions made by other researchers that release profiles indicate a typical biphasic pattern in which sustained release can last for a long time with a low initial burst.[@CIT0007],[@CIT0042] As illustrated in [Figure 7B](#F0007){ref-type="fig"}, SDS-PAGE analysis of the amount of lysostaphin and LL-37 released after 24 hours is presented with a 50-fold concentration of SWF releasing medium. After 24 hours, the release profile of lysostaphin and LL-37 from niosomal formulations appeared to reach a plateau, probably due to Maximum Drug Depletion Quantity (MDDQ) phenomenon.[@CIT0043] This is because initial burst release (during the first 24 hours) from niosomes may be due to the protein and peptide available on the surface and inside of the niosomal structure. Subsequently, due to the intense hydrophobic interaction between the lipid nanostructure and drug, a part of the incorporated drugs remains inside the lipid core, thereby reducing release and reaching the plateau. Similar release patterns have also been observed in other nanostructures such as solid lipid nanoparticles.[@CIT0043],[@CIT0044]

Release of molecules across a bilayer membrane depends on composition and fluidity of the bilayer membrane. Electrostatic interactions between drug and surfactants is important, especially when the drug exists in an ionized form at physiologic pH.[@CIT0026]

To understand the drug release mechanism, a linear form of various kinetic models was plotted based on release data. Some of the most important release kinetic models are as follows: zero-order (cumulative percent drug release vs time), first-order (log cumulative percent drug remaining vs time), Higuchi (cumulative percent drug release vs square root of time), and Korsmeyer Peppas (log percent cumulative drug release vs log time). The r^2^ calculated for linear curve was obtained by regression analysis to determine the release kinetics of the optimum formulation (F2 for encapsulated lysostaphin and F5 for encapsulated LL-37). A kinetic model with a regression coefficient near to 1 is a desirable model for the release profile of that formulation. Because there were no statistically significant differences between r^2^ Higuchi and Korsmeyer Peppas models for lysostaphin encapsulated niosomes, it can be concluded that the drug release mechanism for all three dosage forms in SWF medium (lysostaphin, LL-37, and lysostaphin/LL-37 encapsulated niosomes) can be best fitted by the Higuchi model. Based on this model, drug release from the vesicles might be attributed to the diffusion mechanism ([Table 3](#T0003){ref-type="table"}).[@CIT0045]Table 3Release Kinetic Models Obtained By Regression AnalysisSystemsRelease Kinetic ModelsHiguchiKorsmeyer PeppasFirst OrderZero Orderr^2^r^2^r^2^r^2^LL-37 encapsulated niosomes0.830.750.670.47Lysostaphin encapsulated niosomes0.940.950.770.74Lysostaphin/LL-37 encapsulated niosomes0.960.890.810.75

In Vitro Antibacterial Assay Of Lysostaphin/LL-37 Encapsulated Niosomes {#S0003-S2008}
-----------------------------------------------------------------------

### Evaluation Of Minimum Inhibitory Concentrations {#S0003-S2008-S3001}

MICs of lysostaphin, LL-37, and lysostaphin/LL-37 in encapsulated and free forms are presented in [Table 4](#T0004){ref-type="table"}. As depicted in [Table 4](#T0004){ref-type="table"}, MIC of free lysostaphin obtained for *S. aureus* ATCC 6538 was much higher than previously reported MIC of lysostaphin against *S. aureus* ATCC 29,213, which was equal to 0.06 µg/mL.[@CIT0046] This may be due to the following reasons: (i) applying an ultrasound process for breaking the cell expressing lysostaphin, (ii) purity of lysostaphin, (iii) type of the bacterial strains used, and (iv) a Trx-His-S-enterokinase sequence in vector pET32a expressed along with lysostaphin and may have an effect on activity of lysostaphin. Likewise, MIC for LL-37 in encapsulated and free forms against *S. aureus* ATCC 6538 was much higher than MIC reported by Lukas Boge for lipid crystalline nanoparticles loaded with LL-37, which was \>16 µg/mL.[@CIT0047] Mainly attributing to the use of ultrasound process during preparation of niosomal nanoparticles, whereas lipid crystalline nanoparticles are spontaneously formed by hydration of specific amphiphilic molecules. In addition, strains used in these two studies were different.Table 4MIC Values Of Free And Encapsulated Lysostaphin And LL-37 Against *S. Aureus*Dosage FormMIC (µg/mL)Free LL-37230.00LL-37 encapsulated niosomes460.00Free lysostaphin26.25Lysostaphin encapsulated niosomes52.50Free lysostaphin/LL-371.64/1.80Lysostaphin/LL-37 encapsulated niosomes6.56/7.18

As expected, blank niosomes had no detectable antibacterial activity. It is worth noting that most studies related to noisomal encapsulated antibacterial agents have emphasized on increased activity of encapsulated drugs.[@CIT0036] On the contrary, in our study, encapsulated forms had MIC higher than free ones, resulting from negative charge of anionic niosomes and negative charge of bacterial membranes, repulsion of niosomes may have occurred resulting in less antibacterial activity.[@CIT0048] Abbaszadegan et al[@CIT0049] synthesized silver nanoparticles with different surface charges and investigated their antibacterial activity against *S. aureus*. They showed that negatively charged nanoparticles had less antibacterial activity than positively or neutrally charged nanoparticles. It is noteworthy that reduction of antibacterial activity of encapsulated drugs can be attributed to partial denaturation of lysostaphin/LL-37 in ultrasound process during noisome preparation, leading to a decrease in the drug activity.[@CIT0050] However, as expected, lysostaphin/LL-37 encapsulated niosomes had lower MIC than lysostaphin encapsulated or LL-37 encapsulated ones due to synergistic antibacterial activity of lysostaphin and LL-37 confirmed by checkerboard assay.

### Inhibitory Effect Of Free And Encapsulated Lysostaphin/LL-37 {#S0003-S2008-S3002}

In this study, antibacterial activity of lysostaphin/LL-37 in encapsulated and free forms was assessed as a function of time against *S. aureus* ([Figure 8](#F0008){ref-type="fig"}). A slow and long-lasting inhibition was observed in niosomal formulations during 72 hours incubation whereas free drugs were used up in early hours, and then the *S. aureus* population began to increase. These different antibacterial activity patterns related to free and encapsulated drugs comply with previous reports. In these studies, growth inhibition as indicated by an increased lag phase, reduced growth rate, or reduced final OD of bacterial strains were observed and encapsulated drugs were gradually released over time, leading to a "lower and longer" antibacterial activity pattern.[@CIT0017],[@CIT0051],[@CIT0052] This effect may be due to the fact that the vesicles, apart from interacting with the outer membrane of the bacteria, can release a large amount of drug close to the bacterial surface, creating a gradient of drug concentration facilitating intracellular drug delivery.[@CIT0053] As shown in [Figure 8](#F0008){ref-type="fig"}, the inhibitory effect was statistically significant between free and encapsulated drugs in all six dosage forms at interval times of 24, 48, and 72 hours. From this point of view, encapsulation of drugs used an optimized niosomal formulation enhanced antistaphylococcal effect of drugs without absolute killing of the bacteria. Surprisingly, the inhibitory effect of encapsulated lysostaphin/LL-37 was higher than encapsulated lysostaphin or encapsulated LL-37 alone, suggesting that encapsulated lysostaphin/LL-37 as a combined formulation synergistically enhanced antistaphylococcal activity in an in vitro time-kill study. Likewise, Fumakia et al[@CIT0007] observed a similar inhibition using solid lipid nanoparticles co-encapsulated with LL-37 and A1 to control the development of *S. aureus* infection.Figure 8Antibacterial activity of free and encapsulated drugs against *S. aureus* measured by optical density as a function of time. Concentration of either free lysostaphin or LL-37 was adjusted at 100 µg/mL. While concentrations of lysostaphin and LL-37 in encapsulated forms were equal to 105 and 115 µg/mL, respectively. As depicted in the figure, encapsulated lysostaphin/LL-37 showed a long-time and enhanced antistaphylococcal activity against *S. aureus.*

In Vitro Cytotoxicity {#S0003-S2009}
---------------------

Since AMPs are more suitable to be used as topical dosage forms, cytotoxicity assay was carried out on a mouse fibroblast cell line (L929 cell line, ATCC^®^ CCL-1^TM^). The effect of the same concentration of the formulations on fibroblast cell viability was determined by MTT assay. As seen in [Figure 9](#F0009){ref-type="fig"}, the viability of free and encapsulated LL-37 was very low at their MIC concentrations. However, cytotoxicity of lysostaphin and lysostaphin/LL-37 in encapsulated and free forms was not observed at concentrations of MICs or higher than MICs of respective bacterium. Surprisingly, the cytotoxicity of niosomal forms was substantially higher than that of free forms (*P*\<0.05). This might be due to differences in intracellular trafficking or different cellular uptakes of niosomal and free forms.[@CIT0036] It is noteworthy that the surfactants used in this study were generally regarded as safe (GRAS).[@CIT0054],[@CIT0055] Therefore, more cytotoxicity of niosomal forms cannot be attributed to the type of surfactants used in preparation of niosomes.Figure 9In vitro cytotoxicity studies using mouse fibroblast L929 cells. (**A**) lysostaphin in encapsulated and free forms and blank niosomes, (**B**) LL-37 in encapsulated and free forms and blank niosomes, (**C**) lysostaphin/LL-37 in encapsulated and free forms and blank niosomes. Values represent mean±SD, n=3. *\*P*\<0.05, \*\**P*\<0.01, \*\*\**P*\< 0.001. The values written in the x-axis of part (**C**) are related to lysostaphin/LL-37 concentrations, respectively. No cytotoxicity was observed for lysostaphin/LL-37 in encapsulated and free forms at concentrations of MIC or higher than MIC.

Conclusion {#S0004}
==========

We have successfully demonstrated, for the first time, the synergistic effect of lysostaphin and LL-37 against *S. aureus*. The results of the present study revealed that lysostaphin/LL-37 encapsulated niosomes could offer a prolonged antibacterial activity with a lower dose requirement. Our study confirmed the development of a delivery system containing different antimicrobial agents can be considered as a promising vehicle to combat severe infections in the human population.
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[^1]: **Abbreviation:** DCP, Dicetylphosphate.

[^2]: **Note:** Values are expressed as mean±SD, n=3.

[^3]: **Abbreviation:** EE, Entrapment efficiency.
